Some indication for a missing chiral partner rj^ around 2 GeV 
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The high-lying mesons in the light quark sector previously obtained from the partial wave analysis 
of the proton-antiproton annihilation in flight at f .9 - 2.4 GeV region at CERN reveal a very high 
degree of degeneracy. This degeneracy can be explained as due to an effective restoration of both 
SU(2)l x SU(2)r and U(1)a symmetries combined with a principal quantum number ~ n + J. 
In this case there must be chiral partners for the highest spin states in the 2 and 2.3 GeV bands 
presently missing in the data. Here we reanalyze the Crystal Barrel data and show an indication for 
existence of the missing 4 h state around 2 GeV. This result calls for further experimental search 
of the missing states both in the proton-antiproton annihilation and in the production reactions. 

PACS numbers: 14.40. Be, 11.30.Rd 
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INTRODUCTION 

Until 10 years ago a little was known about mesons 
in the light quark sector with masses in the region of 
2 GeV. A development in the field was promoted by a 
publication of 4 papers [3-13| that contained results of a 
partial wave analysis of the proton-antiproton annihila- 
tion into mesons at LEAR (CERN) in the energy range 
1.9 - 2.4 GeV with four different sets of quantum num- 
bers. A lot of new mesons have been discovered. This 
is not accidental because the proton-antiproton annihi- 
lation into mesons is a formation experiment and conse- 
quently it allows for a systematic exploration of the whole 
kinematical region. This is in contrast with the produc- 
tion experiments where one typically looks for a meson 
resonance in correlations of some secondary particles in 
high-energy reactions. In the latter case it is difficult to 
explore systematically a large kinematical region and a 
search was typically guided by predictions of theoreti- 
cal models, such as the linear Regge trajectories model 
Q , or by the Goddfrey-Isgur constituent quark model for 
mesons [||. There is no other systematic experiment in 
the same kinematical region so all these new resonances 
await for their confirmation before they penetrate into 
a Meson Summary Table of Particle Data Group (they 
are listed as "Other Light Mesons") Q. Nevertheless 
some of these new mesons are regarded by the authors 
as very reliable, because they are seen at least in a few 
independent decay channels in data with polarization, 
while the other are less reliable [8(. A striking feature of 
these data is that they reveal a high degree of degeneracy, 
namely states with different spins, parities and isospins 
"perfectly group into two clusters around the masses of 
~ 2 GeV and of ~ 2.2 - 2.3 GeV" 0, see also figures in 
refs. [njjm and Fig. 1 below. Such a degeneracy indi- 
cates a symmetry. Understanding a source of this sym- 
metry would clarify a fundamental question of mass gen- 
eration in QCD, an interconnection of confinement and 
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FIG. 1: Masses (in GeV) of the well established states from 
PDG (circles) and new fin states from the proton-antiproton 
annihilation at LEAR (strips) 



chiral symmetry breaking and physics responsible for the 
angular momentum generation. 

There are two different scenarios. The first one is based 
on the conjecture of effective chiral restoration in highly 
excited hadrons 11, 13-T^j which was promoted earlier 
given data for established highly excited baryons. The 
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new high-lying mesons have been analyzed in refs 

and the analysis has revealed that the data is well 
consistent with the conjecture of effective restoration of 
both SU(2) L x SU(2) R and U(1) A symmetries. It is 
well seen from Fig. 1, however, that the chiral partners 
are missing for the highest spin states at 2 GeV and 2.3 
GeV bands. Consequently a prediction was made that 
the missing states should in reality exist and the pattern 
for the J = 4 mesons at 2 GeV should be similar to the 
pattern of J = 2 mesons, while the pattern of J = 5 
states at 2.3 GeV should be the same as the pattern of 
J = 3 mesons. The chiral SU(2) L x SU(2) R and U(1) A 
symmetries cannot explain a degeneracy of mesons with 
different spins. Such a degeneracy can be obtained if one 
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assumes a principal quantum number ~ n + J on top of 
SU(2) L x SU(2) R and [/(l)^ restorations [H|. 

The alternative possibility would be to explain the 
large degeneracy as due to a principal quantum num- 
ber ~ n + L, if a classification of states and assignments 
of their angular momenta quantum numbers are done 
according to standard nonrelativistic two-body quan- 
tum mechanical problem with the LS coupling scheme 
12, 1|| 2(|. In this case every state is characterized by 
a set of three independent conserved angular momenta 
2S+1 Lj P-Q, It is easy to see that there must not be 
any parity partners for the highest spin states in every 
band within this scenario. Such a degeneracy with the 
principal quantum number ~ n + L exists in the nonrela- 
tivistic Hydrogen atom if one neglects a small spin-orbit 
force. The degeneracy is due to a very specific "acci- 
dental" symmetry of the Coulomb ~ 1/r interaction in 
a two-body system. It is hard, however, to imagine that 
the high lying states are driven by a simple Coulomb 
part of the one-gluon exchange between the constituent 
quarks. In addition, the Coulomb problem does not ex- 
hibit any Regge like behavior both for the angular and 
radial trajectories. 

The Nambu-Goto bosonic string type picture implies 
that the ends of the string are moving at the speed of 
light. If one identifies the ends of the string with the 
valence quarks then the valence quarks must be ultrarel- 
ativistic and consequently must have a definite chirality. 
Chiral symmetry is not broken. Consequently all states 
must appear in chiral multiplets [Til ] . 

A presence or absence of the chiral partners for the 
highest spin states is a key feature that distinguishes 
both scenarios. Consequently any reliable experimental 
information on this issue would be of fundamental im- 
portance. At the moment such states are not present in 
the analysis of data [J-Q, HI ■ In the present Brief Report 
we reanalyze the LEAR data and suggest some evidence 
for existence of the missing 774 state around 2 GeV. 



ANALYSIS OF THE PROTON-ANTIPROTON 
ANNIHILATION IN FLIGHT 

The 4 h states do not decay into two-pseudoscalar me- 
son channels or into channels with a neutral pseudoscalar 
meson and omega. Therefore these states should be iden- 
tified from the reactions with at last three pseudoscalar 
mesons in final states. Up to now there are no obser- 
vations of any 4 h states from analyses of ttN collision 
reactions at large energies of incident pion. The reason 
can be that these states are produced only at large en- 
ergy transferred where statistics is rather low and partial 
wave analysis is a rather complicated procedure. The 
analysis of the proton-antiproton annihilation in flight 
into 7r°7r°?7 channel [lj observed a 4 h isosinglet state in 
the region 2.3 GeV but did not reveal any 4 h state with 



mass around 2 GeV. 

If effective SU{2) L x SU{2) R and U(1) A trestorations 
are correct, then there must be four approximately de- 
generate mesons f±, 0,4,, 774, 7T4 that are members of the 
(1/2, l/2) a + (1/2, l/2) b representation [H [LI]. Let us 
shortly discuss properties of the /4(2050) resonance. The 
/4(2050) was observed very clearly in the ttN — > irirN 
reaction (GAMS [Hj], BNL0]), in ttN -> rjrjn (GAMS 
(23| ) in ttN — » ujuin (VES [3]), in proton-antiproton an- 
nihilation in flight into two pseudoscalar mesons (25|, and 
in a set of reactions with three or more mesons in final 
state (see Q)- The mass of this state is located between 
1950-2020 MeV and the two pion branching is 17 ± 1.5%. 
This resonance practically does not decay into final 47r° 
state and therefore about 80 percents of the width should 
be defined by the decay into 2-nr) and charged modes. 
This resonance contributes about 10% to the total cross 
section of the proton antiproton annihilation into 7r°7r% 
final state integrated over mass region 1950-2300 MeV [1| 
and decays dominantly into the O2(1320)7r final state. 

The 4 ++ state can be produced in the proton- 
antiproton annihilation either in or 3 i?4 partial 
waves. The 4 h state can be produced only from 1 G*4 
partial wave and therefore it should be suppressed by 
the pp centrifugal barrier in comparison to the 3 -F4 am- 
plitude. The kinematical suppression factor is propor- 
tional to the relative momentum of the initial particles 
squared calculated in c.m.s of the reaction which at en- 
ergy 2 GeV is equal to 0.12 GeV 2 . The analysis of the 
proton-antiproton annihilation in flight showed that the 
resonance production vertices are described better with 
the Blatt-Weiskopf form factor. In this case the produc- 
tion vertex has a centrifugal factor: 
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F(L> 2 ,fc 2 ) 

Here k is the relative momentum of antiproton calculated 
in c.m.s. of the reaction, L is the orbital momentum and 
r is the effective resonance radius. For L — 3 and L = 4 
the form factor has the following form: 



F(3,r 2 ,fc 2 ) 
^(4,r 2 ,fc 2 ) 
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At 2 GeV the ratio of centrifugal factors 0/4/0/3 is equal 
to ~ 0.06 for the resonance radius 0.8/m and ~ 0.13 for 
the radius 1.2/m. Due to this centrifugal suppression the 
774 resonance around 2 GeV cannot produce any peak in 
this region, even if it exists. Note that this suppression 
applies not only to the possible 774 , but also to all other 
missing states around 2 GeV, 774, L04, because they are 
produced in the L = 4 partial wave. Similar suppression 
exists for the missing J = 5 states in the 2.3 GeV band. 

However the c/4 factor increases much faster with en- 
ergy than c/3 and at 2.3 GeV this ratio is equal to 0.25 for 
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FIG. 2: Contribution of a) the 4 ++ states and b) 4"+ 77 4 (2328) 
state to the pp — s* 2ir°ri cross section for the best solution. In 
(a) the contribution from /4(2050) is given by solid line and 
the contribution from /4(2300) as dashed line. 



FIG. 3: Contribution of a) the 4 ++ states and b) 4 h state 
to the pp — > 2n°r/ cross section for the solution with 774(1950). 
In (a) the contribution from /4(2050) is given by solid line 
and the contribution from /4(2300) as dashed line. 



the radius 0.8/m and 0.60 for the radius 1.2/m. Thus, 
if the production couplings of the 4 h and 4 ++ states 
with mass around 2 GeV are equal to each other as well 
as branching ratios to the final channel, the 4 h state 
should contribute between 6-13% from its 4 ++ partner 
at energies around 2 GeV and between 25-60% at ener- 
gies around 2.3 GeV. 



FIT OF THE DATA 

For the unpolarized proton-antiproton data the 4 
amplitude does not interfere with either 2 ++ or 4 ++ am- 
plitudes. However a 4 h state can interfere with h and 
2 h amplitudes which are dominant contributions to the 
pp — » 7T 7r°77 cross section in the mass region around 2 
GeV. Therefore one can hope that even a small contri- 
bution of the 4 partial wave can be identified from 
such interference. The solution reported in [lj and in- 
vestigated in 26[ found a rather small 4 h partial wave 
which was described by the Breit-Wigner resonance with 
mass 2328 ±38 MeV and width 240 ±90 MeV. The contri- 
butions from the 4++ / 4 (2050) and 4~+ t? 4 (2328) states 
to the pp — > 2tt°t] cross section integrated over all decay 



modes are shown in Fig. [5] In this solution the 4 h par- 
tial wave is suppressed by order of magnitude stronger 
below 2.2 GeV than what is expected from the centrifu- 
gal barrier factors, which is not very natural. 

Now we want to see what will happen if we substi- 
tute the 774(2328) 4 h resonance by a state with mass 
1980 MeV and allow decays of this state into /2(1275)?7, 
a 2 (1320)7r, a (980)7r, 077 and / (1500)r? channels. The 
radius for the centrifugal factor was fixed to be 0.8, 1.0, 
1.2 and 1.4 fm and width of the resonance was parame- 
terized as a constant or as a dynamical width defined by 
the decay into the ao(980)7r channel. The optimization 
procedure produced an acceptable likelihood value with 



M = 1950 MeV, Y = 380 MeV, r = 1.2/m for the pa- 
rameterization with constant width and M — 1980 MeV 
, r = 360 MeV, r — 1.2 fm for the parameterization with 
ao(980)7r width. The result hardly changed with r = 1.4 
fm. The contributions from the 4 ++ and 4 h states to 
the pp — > 2ir°r] cross section for the solution with con- 
stant width is shown in Fig. [3l It is evident from Fig. [3] 
that in this case there is no unnatural additional (beyond 
the centrifugal) suppression of the cross-section below 2.2 
GeV. We also introduced a more complicated parameter- 
ization of the numerator for the 4 h state in the form 
a + by/s. However the b parameter for such a weak signal 
only created a convergency problem and finally was fixed 
to be zero. 

Although this result looks rather promising one should 
take it with a caution. First, the total likelihood for this 
solution was found to be -89406 which is worse by 135 
than that for the best solution, which is not a significant 
amount, however. Second, only the lowest set of data 
for antiproton beam at 600 MeV was described with a 
slightly better likelihood compared to the best solution. 
Let us mention that this lowest set has a mass gap of 86 
MeV with the second data set while all other data sets 
have gaps about 50 MeV. 

The mass scan of the 4 h state for the two width 
parameterizations and r = 1.2 fm is shown in Fig. 2] 
It is seen that the distribution of the likelihood value 
(logarithm likelihood) has two minima in the mass re- 
gion investigated. The minimum at the region 2330 MeV 
is rather well defined, while the minimum at 1950-1980 
MeV is less pronounced. If a state at 1950 MeV is in- 
troduced as additional to 774(2328) the likelihood did not 
show any improvement due to a convergency problem. 
There is no surprise here since this partial wave provides 
too small contribution to allow us a complicated param- 
eterization. However this result does not contradict to 
the assumption that both states around 1950 MeV and 



4 




M(pp) (GeV) 

FIG. 4: The mass scan of the 4 _+ state obtained by changing 
mass in steps and optimizing of all other parameters. The 
solid curve corresponds to the constant width parameteriza- 
tion and the dashed curve to the resonance width parameter- 
ized as ao(980)7r channel. 



2330 MeV are present. 

Let us discuss shortly properties of the solution with 
774(1950) (see Fig. [3]). The 4 h partial wave contribu- 
tion at 2.3 GeV is about 30% from the / 4 (2050) state 
which corresponds to suppression imposed by the cen- 
trifugal barrier with radius 0.8 fm. However the situa- 
tion is a more complicated here. The main decay mode of 
ry4(1950) was found to be ao(980)7r which is forbidden for 
4 ++ states. This can explain a larger width of the 4 h 
state, however the product of pp and the O2(1320)7r cou- 
plings (which is the dominant decay mode for / 4 (2050)) 
was optimized to be about 5 times smaller than that for 
/ 4 (2050). 

To check whether 4 h state at 1950 MeV can be de- 
scribed with the similar couplings as /4(2050) we fixed 
the absolute values for the couplings into pp, /2(1275)?i 
and ci2(1320)7r channel to be equal to the lowest orbital 
momentum couplings of /4(2050). After optimization of 
other parameters we found the solution which was by 720 
worse than the solution with free couplings. Systematical 
deviations were seen in description of angular distribu- 
tions. Then we decreased the /2 (1275)77 and ci2(1320)7r 
couplings step by step and obtained a more or less ac- 
ceptable solution with a factor 1.5 suppression for the 
/2(1275)77 channel and 2 for the a2(1320)7r channel. 



CONCLUSION 

Although a 4 h state at mass 2 GeV was not observed 
in the analysis of the proton-antiproton data in flight 
[l[ there is a question whether such state could escape 
identification due to the centrifugal suppression in the 
production channel. Indeed, our mass scan suggests some 
indication for existence of the 4 h state with mass about 



1950 MeV and width about 380 MeV. 

This possible evidence for the missing 774 meson around 
2 GeV invites further detailed studies of this missing 
state. This state can be confirmed (or disproved) from 
analysis of new data on the proton-antiproton annihila- 
tion taken from the threshold with a small step of beam 
momentum. It would be important to measure not only 
neutral final states but also charged modes, in particular 
K*K decay. Due to a suppression in the pp coupling this 
state should also be searched in different production re- 
actions, in particular in the ttN collision at large energies 
of the incident pion, and in central collision experiments. 
Other important question is to initiate a search of other 
missing high-spin states around 2 and 2.3 GeV bands, 
which are also a subject to the centrifugal suppression in 
pp. Similarly, a lot of missing states should be found at 
the 1.7 GeV level. 
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